The Karacada! g Volcanic Complex in SE Turkey (Fig. 1) , sometimes referred to as Karacal|da! g, is one of a number of such volcanic fields distributed along the northern edge of the Arabian Plate where it has collided with Anatolia (Allen et al., 2004) . Until recently, magmatism from this complex was reported to be very young (Pearce et al., 1990; S°en et al., 2004) . New geochronological data for the Siverek plateau lavas, which constitute the earliest activity of the complex, indicate that activity began no later than the Middle Miocene Ekici et al., 2012) . Petrogenetic models for the Karacada! g Volcanic Complex, and for other intraplate volcanic fields in northernmost Arabia, have tended to concentrate on the proximity of the Arabian^Anatolian collision in (continued) seeking a geodynamic context for the magmatism (e.g. Keskin, 2003; Krienitz et al., 2006) . The recognition of multiple phases of magmatism demonstrates that the Karacada! g Volcanic Complex is not the result of a single event or process. In a previous publication we discussed the petrogenesis of the Miocene Siverek plateau lavas . In this contribution we turn our attention to the younger magmatism. Lustrino et al. (2012) have shown this is geochemically distinct from the earlier Siverek phase. Our analysis reveals further levels of distinction within each of the two young phases of activity at the complex. We explore the petrogenesis of this magmatism in the context of tectonic activity associated with the developing collision and the structure of the Arabian Plate.
G E O L O G I C A L S E T T I N G
The Karacada! g Volcanic Complex, in SE Turkey, lies immediately south of the Arabian^Anatolian Collision Zone (Fig. 1) . The collision is the result of northward motion of the Arabian Plate with respect to Eurasia and the Anatolian Plate (Allen et al., 2004) . During the Paleocene this caused Neo-Tethyan oceanic lithosphere to be subducted beneath Anatolia. Subduction continued until formation of the Bitlis Suture between Arabia and Anatolia (Fig. 1a) . Continued convergence between Arabia and Eurasia led to westward extrusion of Anatolia along the Northern and Eastern Anatolian faults during the Late Miocene (Robertson, 2000; S°engo« r et al., 2008) .
The structure of the northernmost Arabian Plate is relatively poorly known, with most constraints coming from studies in Saudi Arabia, Jordan and Syria. Heat-flow measurements and xenolith petrology have been used to estimate that the lithosphere^asthenosphere transition occurs at $80 km depth (McGuire & Bohannon, 1989; Nasir & Safarjalani, 2000; Shaw et al., 2007) . Seismic data suggest that below 35 km depth a mafic lower crust is EKICI et al.
MT. KARACADA ! G PETROGENESIS succeeded by a 5^8 km thick mantle transition zone (El-Isa et al., 1987a , 1987b . Both petrological and seismic evidence indicate that the boundary between upper and lower crust lies close to 19 km beneath the surface (El-Isa et al., 1987b; Nasir, 1992) . The Karacada! g Volcanic Complex has been active since the Middle Miocene when the Siverek phase plateau basalts were produced (Ercan et al., 1990; Lustrino et al., 2010; Ekici et al., 2012) but is particularly well known for its Late Miocene to Quaternary products (Ercan et al., 1990; Pearce et al., 1990; Ad|yaman & Chorowicz, 2002; Keskin, 2003; S°en et al., 2004; Brigland et al., 2007; Demir et al., 2007; Lustrino et al., 2010) . This younger activity can be grouped into two further phases, termed Karacada! g and Ovaba! g.
During the Late Miocene to Quaternary alkali basaltic and basanitic lavas were erupted from Mt. Karacada! g, a north^south-trending fissure volcano $25 km in length. We refer to three summits on the volcanic axis as the northern, central and southern summits (Fig. 1b) . Single lavas from Mt Karacada! g initially flowed east or west, extending up to 15 km to either side of the volcanic ridge. The lava fields also extend up to 25 km north and south of the fissure. Nine Ar^Ar age determinations yield ages ranging from 4·50 to 0·91 Ma (Ekici et al., 2014) , which agree with previous age determinations for Mt. Karacada! g (Pearce et al., 1990; Lustrino et al., 2010) . Ad|yaman & Chorowicz (2002) have suggested that the northern end of Mt. Karacada! g lies at the southern end of a WNW^ESE-trending fault extending from the East Anatolian Fault. The Karacada! g fissure indicates that the lithosphere was under tensional stress during this stage of the collision, although there is little evidence that this part of the northern margin of the Arabian Plate experienced significant eastŵ est extension. The products of the youngest phase of activity in the complex lie $15 km to the east of Mt. Karacada! g, to the SE of the village of Ovaba! g (Fig. 1b) . These are predominantly alkali basalt flows erupted from monogenetic cones and cover an area of $150 km 2 . The youngest of these flows, erupted from the 100 m high Baruttepe cone, is exceptionally fresh, although there is little evidence of alteration of any of the Ovaba! g flows. Most of these lavas were erupted from cones similar to Baruttepe and flowed east up to 20 km from the eastern flank of Mt. Karacada! g before being channelled into river valleys and flowing up to a further 5 km east or SE. The flows are vesicular and often retain flow structures such as pahoehoe surfaces and surface break-out structures. Vesicles are generally empty and only rarely contain secondary calcite. Similar monogenetic cones occur further to the east and south of the Karacada! g Volcanic Complex, towards the border with Syria. Ekici et al. (2014) obtained Ar^Ar ages of 0·29 AE 0·13 and 0·53 AE1·14 Ma for an Ovaba! g lava, which is consistent with geomorphological evidence for very recent activity.
A NA LY T I C A L M E T H O D S
Seventy-six fresh samples, 48 from Mt. Karacada! g and 28 from Ovaba! g, were analysed for their major and trace element concentrations at ACME laboratories, Canada (Table 1 and Supplementary Data Table 3 ; all supplementary data are available for downloading at http://www. petrology.oxfordjournals.org). Any calcite-bearing vesicles were avoided when preparing material for analysis. Major element analyses were conducted by X-ray fluorescence upon fused discs prepared by using six parts of lithium tetraborate and one part of rock powder. The mixture was fused in crucibles of 95% Pt and 5% Au at 10508C for 60 min to form a homogeneous melt that was cast into a thick glass disc. Trace element concentrations were analysed by inductively coupled plasma mass spectrometry (ICP-MS) using a fusion method. Precision was monitored using an internal standard (SO-18) and accuracy was calibrated using standards W-2, GSP-2, BCR-2, SY4 and SY-3 (Supplementary Data Tables 1 and 2 ). The uncertainty on these measurements is better than AE3% for major element oxides and AE10% for trace elements.
Isotope ratios of Pb, Sr, and Nd were measured on splits separated from the same 0·2 g aliquots at the University of Geneva using a seven-collector Finnigan MAT 262 thermal ionization mass spectrometer during December 2008. Samples were processed using procedures described by Chiaradia et al. (2011) . The 908 magnetic sector mass analyser has an extended geometry with stigmatic focusing. 87 . Lead isotope data were corrected for instrumental mass fractionation and machine bias by applying a discrimination factor determined by multiple analyses of NBS SRM981, using the reference value of Todt et al. (1984) . The discrimination factor averaged 0·00082 AE 0·00005 (2 SE, n ¼132) per mass unit. External reproducibility (2s) of the standard ratios is 0·05% for 206 Pb/ 204 Pb. These standard analyses were performed during a 6 month period in which the Karacada! g lavas were analysed. Pb, Sr and Nd blanks were all below their respective detection limits. 46·15  48·34  49·04  45·86  47·05  51·11  41·80  45·44   TiO 2  3·04  2·67  2·24  2·79  3·60  1·79  3·43  2·61   Al 2 O 3  15·38  17·22  17·70  14·33  16·23  17·82  13·01  14·27   Fe 2 O 3  13·49  12·11  11·12  12·93  12·33  10·88  14·93 14·68 
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P E T RO G R A P H Y O F T H E L AVA S
All the lavas from Mt. Karacada! g are alkaline, including alkali basalts, trachybasalts, basanites and tephrites, with rare phonotephrites. Most lavas are very fresh, the vast majority having low loss on ignition (LOI) values of less than 1% (Table 1 and Supplementary Data Table 3 ). The lavas are fine grained and porphyritic, containing olivine and plagioclase phenocrysts, up to 25 modal %, set in a matrix of the same minerals, plus clinopyroxene, which is occasionally titanium-rich, and Fe^Ti oxides. Phenocrysts are generally 0·2^1mm in size with groundmass crystals less than 0·1mm. Plagioclase phenocrysts show some signs of disequilibrium, with sieve textures observed in a number of samples. Such disequilibrium might arise from magma mixing or crustal contamination (Dungan & Rhodes, 1978) but could also result from decompression or heating (Nelson & Montana, 1992; Thy et al., 2013) . Therefore, the sieve textures, in themselves, do not provide evidence for open-system behaviour.
Lavas from Ovaba! g are exceptionally fresh as shown by their very low, and frequently positive, LOI, which is due to iron oxidation during ignition. These lavas include basalts, alkali basalts, trachybasalts and rare tephrites. Like the Karacada! g phase lavas these are fine-grained but differ in the predominance of olivine phenocrysts. Again, there is a range of phenocryst contents, up to 25 modal %. Titanaugite is more common than at Karacada! g, sometimes as micro-phenocrysts, but usually as part of the groundmass.
G E O C H E M I S T RY O F T H E L AVA S
Lavas from both volcanic phases can be split into three groups based on their geochemistry. In the discussion below these are referred to as groups K1, K2 and K3 for the Karacada! g phase and O1, O2 and O3 for the Ovaba! g phase. Similarities between the Karacada! g and Ovaba! g groups are noted where appropriate.
Karacada ! g phase
Lavas from both the Karacada! g and Ovaba! g phases show similar ranges in major and trace element compositions to those reported in earlier studies (Figs 2 and 3 ). Karacada! g phase lavas display a much wider range in composition than those from Ovaba! g. Group K1 lavas have lower MgO (2·2^6·7 wt %) and higher Al 2 O 3 (4 15 wt %) than the other two Karacada! g groups (Fig. 2) (Table 1 and  Supplementary Data Table 3 ). Within each group of the Karacada! g phase concentrations of incompatible elements increase with decreasing MgO (Fig. 3) . In mantle-normalized trace element diagrams all Karacada! g phase lavas show patterns that are enriched in the most incompatible elements, peaking at Nb, and depleted in the heavy rare earth elements (HREE) and Y (Fig. 4) . A striking negative Pb anomaly is apparent in the patterns of all groups. Patterns for K1 and K2 lavas are very similar but with greater concentrations in the former, consistent with their lower MgO contents. Group K3 lavas have more elevated concentrations of incompatible elements than those from group K2 (Fig. 2) but with similar shaped patterns ( Fig. 4b and c) , except for the presence of negative K anomalies in most K3 samples. The magnitude of this anomaly is not linked to MgO content, but is more pronounced in silica-poor rocks ( Fig. 5a and b (Table 2 and Fig. 6 ) of any lava from the Karacada! g Volcanic Complex. Isotopic compositions for the other two Karacada! g groups largely overlap one another; a K1 sample (DK-58) has the most radiogenic Sr and least radiogenic Nd isotopic composition in this study. However, these values are not as extreme as those of the Miocene Siverek plateau lavas (Fig. 6 ). With the exception of DK-58, the ranges of isotopic compositions are similar to those previously observed for intra-plate magmatism elsewhere in the northern Arabian Plate Krienitz et al., 2009; Ma et al., 2011 EKICI et al.
MT. KARACADA ! G PETROGENESIS (Figs 2 and 3) . Several O1 lavas also show minor, positive K anomalies (Fig. 5b) . The shapes of the O2 group multielement patterns are similar to those of O1 but, as noted above, they have lower concentrations of all incompatible elements (Fig. 4) . The greatest distinction of group O3 from the other Ovaba! g lavas is their negative K anomalies, which are not as pronounced as those seen in group K3 but are, again, associated with lower silica contents (Fig. 5b) . Lavas from groups K3 and O3 are very similar with respect to many major and trace elements (Figs 2 and 3) and trace element ratios (Figs 4 and 5) . Lavas from the Ovaba! g phase of magmatism display more restricted ranges of radiogenic isotope compositions than the Karacada! g phase ( (Fig. 6) . A lava from group O1 (DO-68) has Sr, Nd and Pb isotopic compositions that lie within the range of the K1 and K2 lavas. The remaining Ovaba! g lavas have isotopic compositions that lie within the range previously observed for other northern Arabian intraplate volcanic fields (Fig. 6 ).
D I S C U S S I O N
The existence of multiple magmatic phases within the Karacada! g Volcanic Complex has only been recently identified Ekici et al., 2012) . Previously, the complex was regarded as having a short magmatic history (e.g. Pearce et al. 1990; Keskin, 2003) . Lustrino et al. (2012) recognized differences between the major and trace element geochemistry of the Karacada! g and Ovaba! g phase lavas and attributed this to a longterm secular change in mantle source composition that included the preceding Siverek plateau lavas. The range in 87 Sr/ 86 Sr that we have recognized is similar to that documented by Lustrino et al. (2012) , but offset to slightly lower values. Our new data reveal a significantly larger range in 143 Nd/ 144 Nd, largely owing to the small number of samples for which Lustrino et al. (2012) determined Nd isotopic ratios.
We have previously documented that much of the isotopic variation in the Siverek lavas can be attributed to crustal contamination . Our new data reveal that there are significant variations in major and trace element chemistry within both the Karacada! g and Ovaba! g phases. For Mt. Karacada! g this variation also involves a spatial aspect, with K1 lavas being clustered close to the northern summit and K3 close to the central summit (Fig. 1b) . Thus, before evaluating changes in the mantle sources we must determine the role of differentiation, including crustal contamination, in generating the chemical diversity of the Karacada! g and Ovaba! g lavas.
Fractional crystallization
Most lavas in this study have relatively high MgO contents. The main exception to this is group K1, in which MgO varies between 2·3 and 6·7 wt %, suggesting moderate to extensive differentiation of the primary magma. Some K3 lavas also have slightly more evolved compositions, with MgO contents of $6 wt %. To examine whether fractional crystallization could generate the variations within these groups we undertook modelling using alphaMELTS software (Smith & Asimow, 2005) .
The low MgO contents of the K1 lavas suggest that none of these represent a parental magma; however, most ratios of incompatible trace elements in K1 lavas are very similar to those of group K2 (Figs 4 and 5) . Therefore, we selected a primitive group K2 lava, KD-102, as the starting composition with which to attempt to replicate variations within group K1. For K3 lavas, which cannot be produced from a K2 parent, we chose KD-26, the member of this group with the most elevated MgO. Relatively low water contents (0·35 wt %) were assumed for both parent magma compositions and the oxygen fugacity was set at the quartz^fayalite^magnetite (QFM) buffer. More extreme values for either of these parameters failed to generate suitable fits to the data. Specifically, elevated fO 2 resulted in early oxide saturation whereas more elevated H 2 O suppressed plagioclase crystallization in lower pressure model runs. An iterative approach revealed that only a narrow range of differentiation conditions replicated the compositional variation of each group.
Major element variations in group K1 can be replicated through fractional crystallization of KD-102 at 5 MPa. In this model the initial stages of crystallization, which account for removal of less than 10% of the original mass of the melt, are dominated by olivine with minor spinel. This stage is able to generate much of the major element variation observed in the K2 group, although there is some scatter in the alkali and alkaline earth elements (see below). Group K1 closely resemble melts generated after olivine is replaced on the liquidus by clinopyroxene at c. 7 wt % MgO (Fig. 7) . The proportion of spinel crystallizing in the 5 MPa model increases significantly at 5 wt % MgO, which corresponds to a significant inflection in TiO 2 , Fe 2 O 3 and V in the K1 data array (Figs 3 and 7) although some groundmass clinopyroxene in K1 lavas is titanaugite, which could also contribute to depletion of these elements. At around 4 wt % MgO the model precipitated plagioclase. This is consistent with the very minor inflections for Al 2 O 3 (Figs 2 and 7) at which point slightly less than 40% of the original melt had crystallized. The models are also consistent with petrographic observations of olivine AE clinopyroxene AE oxide AE plagioclase phenocryst assemblages in most Karacada! g phase lavas.
To explore the role of fractional crystallization further we examined the ratios of incompatible trace elements with similar bulk partition coefficients. Most group K1 and K2 lavas show no systematic variation in such ratios with changing MgO (Fig. 5) . There is relatively little variation of these ratios and almost complete overlap in the ratios of groups K1 and K2 (Fig. 5) . Therefore, we are confident that the model generated from the alphaMELTS software captures the important features of differentiation in these groups. However, there are two deviations from expected behaviour. First, Sm/Zr shows a systematic change within group K1 (Fig. 5f ). This appears to be part of a progressive depletion in the middle REE (MREE) and HREE, relative to other elements with similar compatibility, with decreasing MgO in K1 lavas. Because the absolute concentrations of REE increase with decreasing MgO (compare ytterbium in Fig. 2 ) we attribute this to the MREE and HREE behaving slightly less incompatibly than normally expected during crystallization of the magma. Second, a small subset of group K1 has elevated K/La and Ba/Yb at a particular value of MgO. Because Ba/Yb has previously been proposed as a proxy for crustal contamination in the Karacada! g Volcanic Complex we have identified this subset as Group K1a in Figs 3, 5 and 7. Their development is discussed in the next section. Group K3 compositions cannot be generated from a K2 parent, or vice versa. Therefore, the K3 series records a distinct initial melt, and its major element variations suggest differentiation under different conditions. In particular, garnet crystallization is required to suppress Al 2 O 3 enrichment (with decreasing MgO) whilst matching the other K3 major element characteristics. For the DK-26 parent composition the optimum alphaMELTS model involves differentiation at 22·5 MPa, initially of 5% orthopyroxene with minor spinel, followed by removal of an assemblage comprising garnet, clinopyroxene and spinel. This achieves the enrichment of K 2 O and N 2 O whilst suppressing Al 2 O 3 and SiO 2 enrichment and also depleting CaO in the melt (Fig. 7) .
Ovaba! g phase lavas display restricted ranges in concentration of all major elements, implying that fractional crystallization played a limited role in the evolution of these magmas. As for group K2, the restricted variations within groups O1 and O2 can be replicated by removal of less than 10% olivine, with minor spinel, from a parental basalt with around 10 wt % MgO. The similarity of group O3 to group K3 suggests that these also differentiated at relatively high pressure.
Crustal contamination
Crustal contamination is known to have affected Neogene and Quaternary magmatism throughout the Arabian Plate (Baker et al., 2000; Shaw et al., 2003; Krienitz et al., 2009; Ma et al., 2011) . For example, despite the absence of crustal xenoliths or xenocrysts in the Miocene Siverek lavas of the Karacada! g Volcanic Complex, variations towards higher 87 Sr/ 86 Sr, Á7/4Pb and Á8/4Pb and lower 143 Nd/ 144 Nd demonstrate that some of those lavas have interacted with the crust . Contamination was not a ubiquitous process, however, with only some Siverek lavas having an isotopic signature indicating interaction with the crust. This contamination had a negligible impact on incompatible trace element contents and ratios, except for enriching Ba with respect to other elements. Selective Ba enrichment most probably occurred because the contamination leverage for this elementçits concentration in the contaminant relative to the magmaç was significantly higher than that of other elements.
Concentrations of incompatible trace elements in the Pliocene^Quaternary lavas are similar to or greater than those in the most trace element enriched Siverek basalts. Therefore, the same set of country rocks should exert even less contamination leverage upon incompatible trace element concentrations in the Karacada! g and Ovaba! g phase magmas than was the case for Siverek. This is evaluated further in Fig. 5 . Rocks containing more than 8 wt % MgO display the full range for most incompatible trace element ratios and show no obvious correlations either within particular groups or in the datasets as a whole. This observation suggests that ranges for these ratios were present in the most primitive magma batches and that crustal contamination had a negligible impact upon the trace element chemistry of the most Mg-rich magmas. The highest Ba/Yb ratios occur in the two most evolved members of group K3 (Fig. 5 ), yet these same two samples show the lowest 87 Sr/ 86 Sr, Á7/4Pb and Á8/4Pb, and highest 143 Nd/ 144 Nd observed for the Karacada! g and Ovaba! g phases, suggesting that a crustal influence is not required to generate the range of trace element ratios observed in this magmatism.
Further insight comes from comparing the incompatible trace element ratios of groups K1 and K2, which have been shown to be related by fractional crystallization. The small subset of K1a lavas, with elevated Ba/Yb and K/La at a given value of MgO, includes sample DK-58 (Fig. 5) , which has the most extreme isotopic composition of all the Pliocene^Quaternary lavas (Fig. 6) . However, the changes to incompatible trace element ratios are small and not systematic for all elements. For example, although group K1a lavas all have elevated K/La and Ba/Yb (Fig. 5c) , some do not show elevated K 2 O or Ba at a given MgO content, relative to the rest of group K1 (Fig. 3) . Similarly, there are some other group K1 lavas that have elevated K 2 O and Ba but not elevated K/La and Ba/Yb. There are negligible differences of the concentrations of most major and trace elements in groups K1 and K1a. Only the alkali and alkaline earth elements show systematic, although small, enrichments in the latter (Figs 3 and  7) . These apparently contradictory observations probably reflect the low contamination leverage of most crustal rocks on the trace element contents of the magmas forming the Karacada! g Volcanic Complex. Thus, although the K1a group suggests that some magma^crust interaction has occurred, the restricted magnitude of the variations suggests that most trace element and isotopic ratios in the Karacada! g and Ovaba! g phase magmas were not modified significantly by crustal contamination.
Modelling the contamination that has occurred is hampered by the absence of data for suitable crustal rocks for northern Arabia, a problem that has been recognized in several studies Krienitz et al., 2006 Krienitz et al., , 2009 Ma et al., 2011) . To estimate the amount of meltĉ rust interaction we employed the approach of Ekici et al. (2012) , who used Sudanese lithologies to investigate crustal contamination of the Siverek plateau basalts. These offer a range of Sr, Nd and Pb isotopic compositions with which to constrain the role of crustal rocks. In taking this approach we are not trying to advocate any shared provenance between Sudanese and Turkish basement but are testing the suitability of upper versus lower crustal rocks as contaminants within the northern Arabian lithosphere. Because the K2 group is parental to group K1 we used the K2 sample with the most elevated 143 Nd/ 144 Nd (KD-29) as the primitive magma in these models.
Contamination of a magma with the initial isotopic composition of DK-29 by lower crust provides a good fit to the Nd^Sr isotopic ratios of DK-58 with only a limited amount of differentiation (F ¼ 0·93) for a relatively high ratio of assimilation to crystallization (r ¼ 0·75; model LC in Fig. 6 ). Contamination by upper crust does not produce such low 143 Nd/ 144 Nd relative to 87 Sr/ 86 Sr as seen in DK-58. The lower crust model also provides a more suitable fit to the displacement of DK-58 in Pb isotope space. However, the amount of contaminant required to produce the Sr and Nd isotopic variation would, in most cases, lead to substantially more extreme Pb isotopic ratios than observed in DK-58. This may be because the parental melt was significantly richer in Pb than DK-29 or that the crust beneath Karacada! g was able to exert considerably less Pb isotopic leverage than these models suggest. In either case, the amount of contamination suggested by Pb is substantially less than estimated from 87 Sr/ 86 Sr and 143 Nd/ 144 Nd for DK-58. Therefore, we consider that the Sr and Nd isotope data provide an upper limit for contamination of 5% and suggest that most batches of magma experienced substantially less contamination than this.
Composition of the mantle source
Crustal contamination has introduced little isotopic and trace element heterogeneity into the magmas of the Karacada! g and Ovaba! g phases. Therefore, most of the variation in these lavas must have existed in their parental magmas. Previous studies of northern Arabian Plate volcanism have advocated peridotitic sources with elemental concentrations resembling primitive mantle Ekici et al., 2012) . In addition, Ma et al. (2011) invoked garnet-bearing hornblendite veins to explain the incompatible trace element characteristics of low-silica lavas from the northern Dead Sea Fault. In this section, we shall explore the origin of the variation in the source of the Karacada! g Volcanic Complex lavas. Because group K1 experienced greater differentiation than the remaining groups we exclude these whilst constraining the trace element characteristics of mantle sources beneath the north Arabian Plate. However, we include relevant K1 data when considering isotopic ratios to place further constraints upon those sources.
The Ovaba! g data show how the rare earth element systematics of the Karacada! g Volcanic Complex lavas can be reconciled with fractional, non-modal melting of peridotite with element concentrations resembling primitive mantle, with or without a small amount of MREE enrichment Ekici et al., 2012) . Groups O2 through O1 to O3 form a shallow, positive array in Dy/Yb vs La/ Yb space (Fig. 8a) . The low Dy/Yb ratios in the group O2 lavas coincide with the spinel lherzolite melting model suggesting low degrees of melting (2^3%) of a relatively shallow source. Groups O1 and O3 form a tight cluster trending from O2 values towards a restricted range of compositions with high Dy/Yb and La/Yb, which could represent low-degree (5 1·5%) partial melting of a garnet lherzolite. Groups O2 and O3 could therefore represent mixtures of melt from primitive spinel lherzolite with progressively greater amounts of melt derived from below the spinel^garnet transition. The tight array suggests little variation in the degree of partial melting in the shallow and deep sources. The greater prominence of low degrees of partial melting implied for the group O3 lavas is also consistent with their higher trace element contents (Fig. 3) . Groups K2 and K3 can be interpreted in a similar way but are displaced from the Ovaba! g array to intersect the modelled melting curves at higher degrees of melting (Fig. 8a) . In addition, the more elevated Dy/Yb values in group K3 also indicate a greater relative contribution from garnet lherzolite.
Models invoking primitive mantle concentrations of REE provide valuable information on the relative melt contributions from different depths during polybaric melting of the mantle. However, the Karacada! g Volcanic Complex lavas show fractionation of large ion lithophile elements from both the rare earth elements and high field strength elements, which cannot be produced by melts of primitive spinel and garnet lherzolite alone (Fig. 8c) . These fractionations also preclude an origin involving only primitive mantle and hornblendite veins as proposed by Ma et al. (2011) , which cannot generate the (K/La) n values greater than unity that are common to groups K2, O1 and O2. The low K/La and K/Nb ratios of group K3 lavas could be interpreted as reflecting derivation from a source containing hornblendite (Fig. 8c) but their elevated and variable Dy/Yb ratios are not consistent with this origin (Fig. 8a) . Furthermore, low Sm/Zr ratios suggest a limited or non-existent role for this lithology in the genesis of all Karacada! g Volcanic Complex lavas (Fig. 8d) .
Incompatible trace element ratios of Karacada! g and Ovaba! g lavas are not consistent with derivation from a carbonated mantle source (Nelson et al., 1988; Blundy & Dalton, 2000; Dixon et al., 2008; Sisson et al., 2009) . They display low Ba/Th and elevated Nb/La, with the most silica-poor (Mg-rich) magma compositions having the lowest La/Nb (Fig. 5e) ; Zr depletion is negligible (Figs 4  and 5f ). These signatures also contrast with those proposed for carbonated mantle in the northern Arabian Plate (Shaw et al., 2007) . Therefore, in an attempt to reproduce the incompatible trace element variation we modelled partial melting of hydrous garnet lherzolite (Fig. 9) . Fractional, non-modal melting was considered for two sources. First, we explored the amphibole-bearing source and melting proportions given by Ma et al. (2011) . The second model was a phlogopite^garnet peridotite from Sisson et al. (2009) , using partition coefficients from Sisson et al. (2009) and Adam & Green (2006) . Neither model, by itself, reproduces the range of compositions observed in the Karacada! g Volcanic Complex lavas or in the different groups that we have identified. However, mixtures of melts from phlogopite-bearing mantle and anhydrous sources with a small enrichment of the most incompatible elements can achieve many of the key characteristics (Sisson et al., 2009) .
Mixtures between melt from an amphibole^garnet lherzolite and an anhydrous, enriched (garnet or spinel) lherzolite cannot reproduce the low Ba/La and Ba/Yb and relatively high Zr/Nb ratios seen in many of the lavas from the Karacada! g and Ovaba! g phases (Fig. 9a, c and  d) . Such a source does, however, provide a particularly good fit to Jordanian Harrat Ash Shaam lavas (Shaw et al., 2007) for all ratios except Rb/Ba (see below). This suggests that the trace element enrichment of the magmatism close to the Syrian^Jordanian border may be due to the presence of significant amounts of amphibole in the mantle (Fig. 9a, c and d) , whereas amphibole does not appear be an important component in the mantle beneath Karacada! g.
Although melts from phlogopite^garnet lherzolite are not suitable as sole sources they do display some of the key trace element features that characterize the Karacada! g and Ovaba! g lavas. Elevated Zr/Nb at low K/La, and low Ba/Yb and Ba/La are all predicted for melts derived from this source (Fig. 9a, c and d) . Because REE systematics suggests derivation over a range of depths (Fig. 8a) we suggest that the Pliocene to Quaternary Karacada! g Volcanic Complex lavas were derived from mixtures of melt derived from three sources: phlogopite-bearing garnet lherzolite, enriched garnet lherzolite and enriched spinel lherzolite. No simple binary mixtures can reproduce the entire data array. However, mixtures of 1·5^5% partial melt of phlogopite^garnet peridotite with low-degree (5 1%) partial melts of anhydrous lherzolite reproduce most of the key features (Fig. 9a, c and d) . The major problem comes in reproducing the low Rb/Ba ratios of the northern Arabian intra-plate magmatic suites (Fig. 9) . We have tried various manipulations of the models to achieve low Rb/ Ba, particularly coupled to elevated La/Yb (Fig. 9b) whilst maintaining the fits achieved for other ratios. We speculate that the most likely solution is a relatively high partition coefficient for Rb in phlogopite (e.g. D phlog Rb 48), which is not unreasonable (Ionov et al., 1997) .
Thus, we propose that most Karacada! g Volcanic Complex lavas originated as mixtures of (1) melt derived from enriched, anhydrous lherzolite over a range of depths, with (2) melt derived from phlogopite-bearing garnet lherzolite. Whereas lavas from Harrat Ash Shaam or the northern Dead Sea Fault appear to record evidence for amphibole in their sources Ma et al., 2011) there is little evidence to support its involvement at Karacada! g (Figs 8 and 9 ). Having invoked multi-component mixing in the mantle it is difficult to place quantitative constraints on the degree of partial melting. However, using the REE, which should be modified by metasomatism in a relatively systematic fashion, suggests that the Pliocene to Quaternary Karacada! g Volcanic Complex lavas formed through small degrees of partial melting similar to those calculated for other parts of the northern Arabian Plate (Fig. 7a) .
Origin of the mantle sources
Previous studies have identified a number of potential mantle sources beneath the Arabian Plate that could contribute to intraplate magmatism. These include lithospheric mantle, variably enriched by metasomatism, the convecting upper mantle and outflow of mantle from the Afar triple junction (C°apan et al., 1987; Pearce et al., 1990; Camp & Roobol, 1992; Bertrand et al., 2003; Shaw et al., 2003; S°en et al., 2004; Weinstein et al., 2006; Krienitz et al., 2006 Krienitz et al., , 2007 Krienitz et al., , 2009 Lustrino et al., 2010; Ma et al., 2011; Ekici et al., 2012) . Most of these studies have identified multiple source components at any one site. In this section we (McDonough & Sun, 1995) . Data from Al Ghab and Homs within the Dead Sea Fault zone and Harrat Ash Shaam (HAS) in Jordan are included for comparison. Melting models shown use partition coefficients from Adam & Green (2006) , except for spinel and potassium in phases not listed in that paper, for which we the data of Ma et al. (2011) are used. Melting models for garnet and spinel lherzolite use the primitive mantle composition of McDonough & Sun (1995) , and the modal and melting proportions of Thirlwall et a. (1994) . For hornblendite, the initial composition and melting proportions are from Ma et al. (2011) . Tick marks indicate total melt fraction. .) Melting models use abundances in primitive mantle. Garnet lherzolite (Gt-LH) and spinel lherzolite (Sp-LH) models are as described in the caption to Fig. 6 , except that large ion lithophile elements were increased by a factor of two (Sisson et al., 2009) . Modal and melting proportions are from Ma et al. (2011) for amphibole^garnet lherzolite (AG-LH) and from Sisson et al. (2009) Nd/ 144 Nd indicate that this is probably depleted upper mantle. Rare earth element systematics demonstrate that group K3 lavas contain a relatively large contribution from the garnet stability field and so the distinctive K3 isotopic composition could reflect melt derived from either lithospheric or asthenospheric mantle. Workman & Hart (2005) have characterized the range of isotopic compositions in the depleted mantle as a spectrum spanning enriched (E-DMM) to depleted (D-DMM) endmembers. The isotopic ratios of DK-25 are very similar to those of E-DMM, which is likely to represent the most fusible component of the convecting mantle. Therefore, the K3 composition might represent small-degree melts from the convecting mantle, in which phlogopite can be stable (Luth, 2003) . Alternatively, such melts may metasomatize the base of the lithospheric mantle (McKenzie, 1989) , providing a hydrated lherzolite source resembling E-DMM that could contribute to magmatism throughout the region. Kova¤ cs et al. (2012) suggested that phlogopite would be the primary hydrous phase in peridotite at pressures greater than 3 GPa, although the presence of this and alternative water-bearing phases at lower pressures, principally the amphibole pargasite, is also dependent on the bulk composition and the absolute water content of the mantle.
Incompatible element systematics indicate that group K1 and K2 lavas contain greater contributions from shallower mantle (Figs 8 and 9 ). Melting at shallow levels could occur if asthenosphere upwells sufficiently to melt to higher degrees, so allowing increased dilution of the E-DMM component by melts from more refractory parts of the mantle (Elliott et al., 1991) Nd of the group K1 and K2 lavas (Fig. 6 ). In addition, large degrees of asthenospheric upwelling would be difficult to reconcile with limited or highly localized extensional tectonics during magmatism at Mt. Karacada! g (Adiyaman & Chorowicz, 2002) . Therefore, we suggest that the lavas of groups K1 and K2 are dominated by melts derived from enriched parts of the shallow lithospheric mantle. Nd $ 0·51286. Pb isotope ratios are more difficult to constrain owing to the possible influence of crustal contamination. However, the enriched lithosphere is likely to have slightly lower 206 Pb/ 204 Pb than the depleted component and slightly more elevated Á7/4Pb and Á8/4Pb (Fig. 6) . Shaw et al. (2003) concluded that the Jordanian part of the Harrat Ash Shaam was also derived from mixtures of deep, depleted and shallow, enriched mantle. Despite the evidence for differences in the nature of mantle hydrous phases between Karacada! g and Harrat Ash Shaam (Fig. 9) , the isotopic data indicate that the two volcanic regions are probably derived from similar types of mantle.
Magma transport through the crust at Mt. Karacada ! g
The thickness of single lava flows was not measured as part of this study so we cannot quantify the relative volumes of magma generated by different parts of the Karacada! g volcano. However, most lavas initially flowed laterally from the loci of eruption therefore some constraints can be obtained by observing where each group predominates along the ridge crest. We combine this information with constraints obtained from fractional crystallization models to interpret magma transport during the Karacada! g phase of magmatism. Group K1 lavas were mainly erupted on and around the northern summit of Mt. Karacada! g, but are much less abundant on the central and southern summits (Fig. 1b) . Lavas of group K2, in contrast, are present along the length of the ridge. This suggests that the magmatic plumbing at the northern end of the volcano was conducive to eruption of magma that had differentiated more extensively. Late Cenozoic stress in the northern Arabian Plate was produced by its collision with Anatolia. The resultant westward escape of Anatolia, accommodated in southern Turkey along the East Anatolian Fault (Fig. 1a) , has caused different types of strain throughout northern Arabia. Ad|yaman & Chorowicz (2002) attributed the Mt Karacada! g fissure to far-field, east^west tension that diminished towards the south, distal to the collision. If this tensional stress diminished southward along the Karacada! g fissure then the northern part of the volcano could have provided a larger accommodation volume in the crust into which more magma could be emplaced. This, in turn, would supply more heat into the surrounding crustal rocks, which would account for the northern K1 group providing the few examples in which we observed evidence for crustal contamination. A differentiation pressure of 5 MPa, as determined for groups K1 and K2 from the alphaMELTS models, indicates crystallization close to the postulated upper to lower crust transition of 19 km (Nasir & Safarjalani, 2000) . This depth has also been proposed as the transition from brittle to ductile behaviour of the crust in northern Arabia (Ad|yaman & Chorowicz, 2002) . Thus, we suggest that differentiation could proceed further at the northern end of Mt. Karacada! g as a result of relatively large volumes of magma ponding close to the petrological and rheological boundary between upper and lower crust (Fig. 10) . Elsewhere along the fissure, the cooler crust would have impeded development of extensive magma storage zones and the magmas experienced less differentiation, resulting in the more primitive K2 lava flows.
Group K3 has a restricted distribution on the Mt. Karacada! g ridge, being the predominant lava type of the central summit with a minor presence on the northern summit (Fig. 1b) . Most of these lavas have elevated MgO contents and the fractional crystallization models reflect very restricted amounts of differentiation. The distinctive chemistry of this group, however, does require differentiation at high pressure (Fig. 7) and it is tempting to equate the modelled pressure of 22·5 MPa with the 80 km depth estimated for the lithosphere^asthenosphere transition zone in northern Arabia (McGuire & Bohannon, 1989; Nasir & Safarjalani, 2000) . The lack of evidence for lowpressure crystallization suggests that, subsequent to fractionation close to the base of the lithosphere, group K3 magmas experienced negligible further differentiation before eruption.
C O N C L U S I O N S
Mt. Karacada! g is the most conspicuous feature of the Karacada! g Volcanic Complex, forming an elongate shield volcano that has produced lateral lava flows from its north^south-oriented axis. This form suggests that lithospheric tension localized magmatism during Pliocene and Quaternary times. East^west tension in this part of the Arabian Plate was the result of local stress caused by the initiation of the Eastern Anatolian Fault (Ad|yaman & Chorowicz, 2002) . Late in the history of the Karacada! g Volcanic Complex magmatism migrated to Ovaba! g, where lavas were erupted from monogenetic cones and represent melting and magma emplacement in the absence of significant lithospheric tension.
Previously, we interpreted the earlier, Miocene phase of magmatism as the result of melting when mantle upwelled beneath a lithospheric weak spot as the Arabian Plate migrated north and east during the Cenozoic . The Karacada! g and Ovaba! g phases may represent renewed melting through this process although localized tectonic processes served to focus magmatism. In the case of Mt. Karacada! g, localized extension may also have played a role in causing melting, but there is restricted geological evidence at the surface to support this. Isotopic Fig. 10 . Sketch section illustrating the petrogenesis of the Mt Karacada ! g magmas. Siverek plateau basalts were erupted during the Miocene and form the substrate onto which the Karacada! g lavas were erupted. The vertical axis is schematic and is not to scale. Constraints on the depth of the upper^lower crust boundary come from geophysical data and xenolith petrology (see text for details). Differentiation depths are from alphaMELTS models. Group K1 and K2 lavas share similar sources that represent polybaric melting but with a relatively large contribution from the spinel stability field, whereas group K3 lavas contain a larger contribution from deeper, garnet-bearing mantle. Group K2 lavas have experienced relatively restricted amounts of differentiation close to the upper^lower crust boundary and are found along the length of the volcano. Lavas of group K1 occur predominantly in the north and developed when group K2 magma experienced more extensive differentiation at the upper^lower crustal transition. Group K3 lavas experienced small amounts of differentiation close to the base of the lithosphere. data indicate that mantle derived from the Afar plume was not involved in genesis of Karacada! g Volcanic Complex lavas.
Trace element systematics of the Karacada! g Volcanic Complex lavas were influenced by the presence or absence of small quantities (52%) of phlogopite in the mantle. The lavas do not display evidence for derivation exclusively from amphibole veins in the mantle as proposed for the magmatism of the Al Ghab volcanic field within the Dead Sea Fault zone or for melting of carbonated mantle (Shaw et al., 2007) .
The group K3 and O3 lavas are distinct in their low contents of silica and Al 2 O 3 and their elevated TiO 2 and incompatible element contents relative to other groups. Depletion in potassium, relative to other elements of similar compatibilities, coupled with the absence of extreme Ba enrichment suggests that phlogopite was present in the source of these lavas. These groups display trace element ratios that indicate a relatively large contribution from garnet-facies lherzolite. The isotopic characteristics of the lavas resemble the most fusible part of the convecting upper mantle but such a signature could also be transferred to the base of the lithospheric mantle by migration of low-degree melts. This component is common to other volcanic fields across northern Arabia. Once generated, K3 and O3 magmas experienced minor differentiation near the base of the lithosphere prior to eruption.
Groups K2, O1 and O2 represent melting across a range of depths but with a greater contribution from spinel lherzolite in the lithospheric mantle than in the K3 and O3 groups. These groups also have more elevated 87 Sr/ 86 Sr and Pb isotopic ratios and lower 143 Nd/ 144 Nd than groups K3 and O3. Group K2 magmas were produced along the length of the 30 km Karacada! g fissure and crystallized limited amounts of olivine close to the transition between upper and lower crust. At the northern end of the Mt. Karacada! g volcano more protracted differentiation of K2 parental magma at the upper^lower crust transition produced the magmas of group K1. This and the greater amount of crustal contamination observed to the north resulted from greater stress in the crust at the Anatolian end of the Karacada! g fissure. Lavas from groups O1 and O2 show similar trace element and isotopic systematics to Group K2, suggesting that mantle sources sampled by the Karacada! g phase could be generated in the absence of significant lithospheric extension.
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